observing hemolysis refractory to intensification of standard antithrombotic therapy may be contemplated because of the unknown significance of hemolysis without overt pump or end-organ dysfunction as well as to avoid the upfront risk of death and stroke associated with device exchange. 13 On the other hand, surgical intervention has evolved to a less invasive subcostal approach and potentially removes the root cause of future pump dysfunction and embolic events, such as cerebrovascular accidents (CVA). 14, 15 To determine which strategy in CF-LVAD patients with ongoing hemolysis may provide optimal outcomes, we compared the outcomes of hemolysis events treated with surgical management versus medical management alone in patients implanted with the HM II CF-LVAD at 2 large volume academic medical centers.
Methods

Study Population
A retrospective chart review of all patients who underwent HM II implantation at either Montefiore Medical Center/Albert Einstein College of Medicine or Columbia University Medical Center between January 2009 and September 2014 was conducted. This study was approved by both institutions' review boards. Analysis was performed on combined deidentified data from the clinical databases at both institutions.
Data Collection
Preoperative clinical information, baseline demographics, and lactate dehydrogenase (LDH) values were collected from electronic medical charts. To exclude postoperative alterations, LDH values ≤14 days after HM II implantation were excluded. A hemolysis event was defined as at least 3 consecutive LDH measurements greater than 700 U/L (2.5× normal value at our laboratories). Recurrent hemolysis events were defined as a repeat increase in LDH to above 2.5× normal on 3 serial measurements after levels had dropped consistently below 400 U/L. 9
Hemolysis Treatment
Patient charts were reviewed to identify the strategy used to treat the hemolysis event. Treatments strategies were divided into surgical and medical interventions. Patients were categorized as the surgical group if they underwent a device exchange, bend-relief repair, or an outflow graft ligation with pump decommissioning (powered off) to treat hemolysis refractory to intensification of standard antithrombotic therapy. Those only treated by intensified antithrombotic therapy and those in whom antithrombotic therapy had remained unchanged after hemolysis had occurred were placed in the medical group. Intensified antithrombotic therapy was defined as at least one but possibly all of the following: Escalation of target partial thromboplastin time to either 80 to 100 or antifactor Xa assay 0.5 to 0.7 on a continuous heparin infusion, target International Normalized Ratio increase to 2.5 to 3.0, an increase in aspirin dosage from 81 mg to 325 mg daily, and the addition of dipyridamole 75 mg three times per day. 16 
Outcomes
The primary end point was the first occurrence of a composite end point of CVA or death after a primary hemolysis event within 1-year of treatment. The secondary end point was the first occurrence of a composite end point of CVA or death after a recurrent hemolysis event within 1-year of treatment of the initial hemolysis event. Overall effectiveness of therapy after a hemolysis event was measured as the proportion of patients who experienced a resolution of their primary hemolysis events without CVA, death or recurrence. CVAs included ischemic or hemorrhagic events, which were verified through a computed tomographic scan reviewed by an independent neurologist.
Statistical Analysis
Continuous variables are displayed as means±standard deviation or median (Q1 to Q3), for normally distributed and skewed data, respectively. Baseline data were compared with t tests for normally distributed continuous variables and χ 2 tests for categorical variables with expected frequencies ≥5 for both cohorts. The Mann-Whitney U test and Fisher exact tests were used for non-normally distributed continuous variables and categorical values with low expected frequencies, respectively. Cumulative survival free from the primary and secondary end points at 1-year were shown using Kaplan-Meier curves. The time at risk began at the time of hemolysis onset for the medical group and at the time of surgical intervention for the surgical group. Hazard ratios were calculated using Cox proportional hazards analysis. P values of ≤0.05 were considered statistically significant. All statistical analysis was conducted using SE (StataCorp. 2013. Stata Statistical Software: Release 13. College Station, TX: StataCorp LP).
Results
Patient Characteristics
During the study period, 367 patients underwent HM II implantation (Columbia University Medical Center=255, Montefiore Medical Center=112). In total, 22,577 LDH values were retrieved (Columbia University Medical Center=13,515, Montefiore Medical Center=9062) and screened. Sixty-four hemolysis events were identified in 49 patients, with 13 patients experiencing more than one event. Detailed demographics by primary event treatment assignment are shown in the Table. Those in the surgical group tended to be older (59±13 versus 51±15 years old, P=0.08). Sex distribution, cause of cardiomyopathy, and other baseline demographics did not differ between treatment groups. In the overall cohort, the freedom from hemolysis at 6, 12, and 24 months was 91%, 87%. and 84%, respectively ( Figure 1 ). This represents 0.11 hemolysis events per patient year. Notably, the 1-year freedom from hemolysis among those implanted before March 2011 was 96.1%, as compared with 82.7% among those implanted after this date, corresponding to incidence rates of 0.051 and 0.147, respectively. This significant (P=0.003) increase in 2011 is consistent with contemporary reports. 17 Figure 2 summarizes the various management techniques utilized. Of the 64 events, 33 (52%) were treated surgically. Before surgical treatment, an attempt to maximize antithrombotic therapy was made in all patients. This included intensification of intravenous heparin in 28 out of 33 events, as well as change in antiplatelet therapy (increase of aspirin dose and addition of intravenous antiplatelet agents) in 14 out of 33 instances. Despite optimization of antithrombotic therapy, these patients had an elevation in their mean creatinine from 1.62±1.0 mg/dL at the onset of hemolysis to 1.96±1.2 mg/dL at the time of surgery (P=0.001). The mean LDH also increased from 1076±337 to 1709±696 IU/L (P<0.001). Surgical treatment included 30 device exchanges (9 median sternotomies, 21 subcostal incisions), 2 bend relief repairs, and one ligation of the outflow graft with decommissioning of the pump. Clot was confirmed intraoperatively or after pump disassembly in all patients in whom the device was exchanged. Although there was no set treatment algorithm for surgical intervention throughout the study period, it was generally undertaken after echocardiographic evaluation suggested a flow obstruction and end-organ dysfunction was observed (ie, hypotension and an increase in serum creatinine). The remaining 31 (49%) hemolysis events were treated medically; 29 with intensified antithrombotic therapy, and 2 (3%) without any change to their baseline regimen as the hemolysis events and their significance went unrecognized at the time of occurrence. 12 
Management of Hemolysis Events
A B
The remaining 31 (49%) hemolysis events were treated medically; 29 with intensified antithrombotic therapy, and 2 (3%) without any change to their baseline regimen as the hemolysis events and their significance went unrecognized at the time of occurrence. The median time from the initial HM II implant to the onset of hemolysis in this group was 86 days (28.5-281.5 days), which was not significantly different from the surgical cohort (P=0.620). In the 29 patients treated with intensified antithrombotic therapy, 26 were treated with heparin in combination with aspirin (81 or 325 mg) or warfarin or both. In addition to heparin, aspirin and warfarin, 1 patient received tirofiban, and another received eptifibatide. One patient was treated with argatroban. In this medically treated group, mean serum creatinine remained unchanged (1.39±0.86-1.25±0.61, P=0.250). Details can be found in Figure 2 .
Outcomes of Primary Hemolysis Events by Treatment Strategy
Of the 49 primary hemolysis events that occurred at a median time of 108 (28-295) days after implant, 24 patients were managed with a surgical approach and the remaining 25 patients were treated only with medical therapy. After 1-year of followup from the time of treatment of the initial hemolysis event, the primary end point occurred in 3 of the 24 patients (8%) managed surgically, in comparison to 12 of the 25 (48%) patients treated with only medical therapy. This included 1 death and 2 CVAs (both ischemic) in the surgical cohort and 3 deaths and 9 CVAs (6 ischemic, 2 hemorrhagic, and 1 hemorrhagic conversion) in the medical cohort. With censoring for recurrent hemolysis, cardiac transplantation and CF-LVAD explant for recovery, survival free from CVA, or death in the surgically treated patients was 87.5% in comparison to 49.5% in the patients treated with medical therapy only at 1 year. These findings resulted in a hazard ratio of 4.15 (95% confidence interval: 1.17-14.73) for the primary end point of death or CVA in comparing patients managed medically versus those who received a surgical intervention (Figure 3, P=0.027 ).
Outcomes After Recurrent Hemolysis Events by Treatment Strategy
Of the 49 patients who experienced a primary hemolysis event, 13 had at least 1 recurrent hemolysis event. In these 13 patients, 11 patients experienced 2 events and 2 patients experienced 3 events. Thus, a total of 15 recurrent events were observed (13 second events, 2 third events). Of the 13 secondary recurrent events, 8 were managed surgically (all device exchanges) and 5 were managed medically. Among the 8 patients managed surgically, after 1 year of follow-up, 1 experienced a third hemolysis event, 3 were transplanted, and 4 remained on support.
After 1 year of follow-up, in the 5 patients managed with medical treatment alone, 1 experienced a CVA, 1 died, 1 experienced a third hemolysis event, 1 was transplanted, and the last remained on support. In the 2 patients with 3 hemolysis events, one was managed with medical treatment and the other underwent a clamping of the outflow graft. The patient managed medically experienced a CVA 35 days after treatment, and the patient managed surgically survived until transplant. Figure 4 depicts the 1-year freedom from CVA or death stratified by both treatment strategy and event occurrence (first versus second hemolysis event). As shown, the same trend is observed after primary and recurrent events, with a greater incidence of CVA and death after medical treatment alone. The 1-year freedom from CVA or death after a second hemolysis event was 100% in the surgical cohort, as compared with 37.5% in the medical cohort (P<0.0001).
Resolution of Primary Hemolysis Event by Treatment Group: Effectiveness of Therapy
All 24 patients whose primary event was treated surgically experienced an immediate normalization of LDH levels at the time of intervention. Three of the 24 patients had a CVA or died during 1 year follow-up. Of the remaining 21 patients who had resolution of hemolysis after surgery without meeting the primary end point of death or CVA, recurrent hemolysis recurred in 6 (28%) within 1 year of their initial hemolysis event after a median time of 73 days (53-91) after device exchange. Thus, at 1-year resolution of hemolysis without death, CVA, or recurrent hemolysis occurred in 15 of 24 (63%) surgical patients.
In the cohort whose primary event was managed medically, the median time from treatment initiation to resolution of hemolysis was 15 days and ranged from 5 days to 103 days. Resolution of hemolysis without CVA or death at 1 year occurred in 13 (52%) of the 25 patients treated with intensification of medical therapy alone. Recurrent hemolysis within 1 year was observed in 2 (15%) of the 13 patients who experienced resolution of hemolysis without meeting the primary end point of death or CVA. These recurrences occurred at 63 and 202 days post resolution of the initial hemolysis events. Thus, resolution of a primary hemolysis event without death, CVA, or recurrent hemolysis at 1 year occurred in 11 of the 25 (44%) patients treated with medical therapy alone. However, it should be noted that by definition all patients in the surgical cohort had failed medical therapy. Thus, if the 24 patients who received medical treatment and subsequently required surgical interventions are included, only 14 of the 49 (29%) primary hemolysis events treated with medical therapy resolved without CVA, death, recurrence, or need for further intervention.
Finally, it is of interest whether hemolysis treated early after implant is more susceptible to intensified antithrombotic therapy. Among patients whose hemolysis resolved with antithrombotic therapy alone, the median time from implant to hemolysis onset was 65 days (21-140), whereas it was 123 days (29-325) in those whose hemolysis did not resolve. This difference was not statistically significant (P=0.835).
Discussion
We examined outcomes of hemolysis treatment during HM II support in 367 patients followed at 2 centers. To our knowledge, this is the first report to comprehensively assess the outcomes of early surgical versus medical therapy alone management strategies during hemolysis events in patients supported by the HM II. The principal findings of this investigation are as follows:
• Hemolysis refractory to intensification of antithrombotic therapy is associated with a major risk of CVA or death; early surgical intervention seems to lower this risk.
• The response to therapy does not differ between primary and recurrent hemolysis events.
• Recurrent LDH elevation > 700 U/L (ie, 2.5× normal) identifies clinically significant hemolysis in HM II patients. Hemolysis events meeting this definition are common and more frequent since March 2011.
CF-LVAD therapy has been become an established treatment strategy for advanced heart failure because of its clear survival and quality of life benefit, yet complications remain a significant barrier to widespread application. 2 Device thrombosis in HM II recipients is now well studied, with a recent report by Starling et al 7 demonstrating a significant increase in its frequency after March 2011. Interestingly, our observation of increased frequency of hemolysis is entirely consistent with their report, yet such a finding may not have been evident using historical cutoffs for hemolysis (plasma free hemoglobin > 40 mg/dL). 2, 17 We used an LDH level of 700 U/L (2.5× normal) to define hemolysis events, as such an elevation has previously been shown to provide high sensitivity and specificity for the diagnosis of device thrombosis. 12, 18 Our current data further support that such LDH elevations are meaningful and we think this in and of itself is an important observation.
Several recent reports indicate excellent outcomes with early surgical device exchange in patients who developed hemolysis as well as end-organ dysfunction. 14, 15, 19 In the absence of guideline recommendations and expert consensus statements, it must be emphasized that current published management practices all reserve pump exchange for hemodynamically significant pump thrombosis. 11 Despite this, patients with hemolysis and no evidence of end-organ dysfunction may experience embolic complications including devastating CVAs. 10, 17, 20 In this context, it is important to note that the surgical technique for HM II device exchange has evolved. Recently reported favorable safety profiles and long-term outcomes after subcostal device exchange may provide added reassurance for lowering thresholds for early surgical intervention. 14 On the other hand, 28% of patients in our series had a recurrence of hemolysis after an initial successful surgical exchange. This may indicate the presence of patient relatedrisk factors of thrombus formation that remain unchanged after device replacement, but could also result from left-over thrombus in outflow graft or inflow cannula not removed during device exchange. We do not think the latter to be the case for our surgically exchanged patients, as hemolysis cleared after exchange in all patients and screening for residual thrombus in the outflow graft and inflow cannula was routinely performed. There are several limitations to the current investigation that need to be considered. First, this is a retrospective analysis with all its inherent limitations. For example, no protocoled inflow cannula position assessments were performed to establish that medical therapy would be futile and only device exchange could resolve hemolysis. Second, even though patients in the medical therapy arm were grouped together, the actual medical regimens were somewhat heterogeneous. Thus, the efficacy of specific antithrombotic regimen in comparison to surgical intervention remains uncertain. Third, our medical therapy approach did not include true thrombolytic therapy and eptifibatide as this has been shown to be associated with a high risk of intracranial bleeding in HM II patients. 21 Fourth, the histological make up of thrombus, such as fresh versus chronic clot may alter management strategy and clot histology was not verified in this analysis. In this context, it should be noted that the time to detection of the hemolysis event in each group was similar. Fifth, the true clinical applicability of our results to recurrent events may be limited by the relatively low absolute number of recurrent events. Nevertheless, we decided to stratify our analysis by primary versus recurrent because it would be inaccurate, both statistically and clinically, to perform a combined analysis because of the inherent rise in baseline hazard for recurrent events. In addition, our overall relatively low sample size and event rate prohibits highly rigorous statistical conclusions. Finally, the influence of center-specific surgical experience, perioperative care, and outpatient management strategies may limit the generalizability of our results.
Given the differences in outcomes based on treatment approach, we do not think that the cited limitations are sufficient to significantly undermine our principal observation: There is a high risk of CVA and death during ongoing observation of hemolysis refractory to intensification of antithrombotic therapy. Our data are consistent with observations most recently made in the Interagency Registry for Mechanically Assisted Circulatory Support database by Katz et al 6 who reported increased morbidity and mortality after hemolysis. Of note, we report substantially lower freedom from hemolysis rates (87% versus 95%) than Katz et al 6 because of different definitions of hemolysis (plasma-free hemoglobin 40 mg/dL versus LDH 2.5× normal). This finding is in keeping with data from Cowger et al 8 who previously reported that the traditional plasma-free hemoglobin 40 definition will grossly (by ≈50%) underestimate the incidence of hemolysis compared with LDH 2.5× normal. They further suggested that low level hemolysis may ultimately lead to high level hemolysis in HM II. Clearly, the key question at this time is what degree of hemolysis is clinically relevant as well as how and when it should be treated.
Based on the available evidence, and further supported by this investigation, an LDH level>2.5× normal should be intervened on. Furthermore, the current data provide the strongest evidence to date that a management strategy of early device exchange should be considered in patients with refractory hemolysis. Finally, given the high incidence of complications during a watchful waiting approach, with nearly half the patients dying or experiencing CVA in the first 6 months post medical therapy alone, one might argue that exchange should be undertaken based on hemolysis parameters/treatment response alone and before the development of end-organ dysfunction or heart failure. Furthermore, the observation that these serious adverse events occurred in the medical cohort despite an absence of worsening end-organ dysfunction provides additional support for the use of surgical interventions before end-organ dysfunction. Figure 5 depicts a candidate algorithm for the treatment of hemolysis in light of our observations, and Figure 6 summarizes the old, current, and proposed paradigms for the management of hemolysis.
Conclusions
Hemolysis (defined as LDH elevation>2.5× normal) refractory to intensification of antithrombotic therapy identifies HM II patients at major risk for CVA and death. Early device exchange should be considered to minimize these risks. To validate our findings and to improve on current treatment algorithms, prospective studies in larger populations are urgently needed.
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